Abstract: Experimental data have been compiled from the published literature on the partition coefficients of solutes and vapors into ethylbenzene and toluene at 298 K. The logarithms of the water-to-ethylbenzene and water-to-toluene partition coefficients, log P, and gas-to-ethylbenzene and gas-to-toluene partition coefficients, log K, were correlated with the Abraham solvation parameter model. The derived mathematical expressions described the observed log P and log K data for the two aromatic hydrocarbon solvents to within average deviations of 0.13 log units or less.
INTRODUCTION
Extraction provides a convenient experimental method for removing phenolic compounds, flavonoids and anthocyanidins from medicinal plants, for pre-concentrating trace chemical pollutants from environmental samples prior to chemical analysis, and for isolating active pharmaceutical ingredients and metabolites from tissue samples. Extraction methods are based on the equilibrium solute partitioning in a biphasic system containing both a liquid and condensed phase, or in the case of liquid-liquid extraction containing two or more liquid solvents having limited mutual solubility. Molecular interactions between the dissolved solute(s) and surrounding extraction solvents determine the solute's affinity for a given phase, which in turn affects both the solute recovery factor and chemical separation efficiency. Design of an effective extraction method requires complete (or nearly complete) solute recovery and large separation efficiency. Considerable effort has been given in recent years to developing solution models to enable researchers to select the best extraction solvent to achieve a desired chemical separation.
Our efforts in this regard have been directed towards deriving Abraham model correlations for predicting the logarithms of the gas-to-organic solvent partition coefficients (log K), logarithms of the water-to-organic solvent partition coefficients (log P), and logarithms of molar solubility ratios (log C solute,organic /C solute,water and C solute,organic /C solute,gas ) defined *Address correspondence to this author at the Department of Chemistry, 1155 Union Circle # 305070, University of North Texas, Denton, TX 76203-5017, USA; Tel: 940-565-3515; Fax: 940-565-4318; E-mail: acree@unt.edu as the solute's molar solubility in the given organic solvent (C solute,organic ) divided by the solute's molar solubility in water (C solute,water ) or solute's molar solubility in the vapor phase (C solute,gas ). The latter quantity is calculable from the equilibrium vapor pressure of the solute above its pure condensed phase. To date we and other research groups have determined Abraham model correlations for more than 70 common organic solvents [1] [2] [3] [4] [5] [6] [7] [8] , as well as the partition coefficient data for solutes dissolved in 30 room temperature ionic liquids [9] [10] [11] [12] [13] [14] [15] and in human and cow milk [16] , for solutes adsorbed onto (partitioned into) polydimethylsiloxane [17, 18] , polyoxymethylene [19] and polyacrylate fibers [20] , and for solutes in two 1,2-dichloroethane/polar organic solvent [21, 22] , in ten alkane/polar organic solvent [21, [23] [24] [25] [26] [27] [28] [29] , and in four diisopentyl ether/polar organic solvent [21] [22] [23] 29] biphasic partitioning systems. The latter biphasic organic systems are needed for compounds that are not stable in an aqueous environment, or are too insoluble in water to enable an accurate measurement of the water-to-organic solvent partition coefficient which might used in calculating solute descriptors for future log P predictions.
The Abraham solvation parameter model depends on two linear free energy relationships, the first for transfer processes between two condensed phases [2, 4-8, 30, 31] : log (P or C solute,organic /C solute,water ) = c p + e p ·E + s p ·S + a p ·A + b p ·B + v p ·V (1) and the second process involving solute transfer from the gas phase:
log (K or C solute,organic /C solute,air ) = c k + e k ·E + s k ·S + a k ·A + b k ·B + l k ·L
The dependent variables in eqns. 1 and 2 are the logarithm of partition coefficients and solubility ratios for a series of solutes in a given solvent or biphasic partition system. The upper case letters denote the solute properties as follows: E corresponds the solute excess molar refraction descriptor in cm 3 mol -1 /10, S is to the solute dipolarity/ polarizability descriptor, A and B represent the overall solute hydrogen bond acidity and overall solute hydrogen bond basicity descriptors, respectively, V is McGowan's characteristic molecular volume in cm 3 mol -1 /100 and L refers to the logarithm of the gas-to-hexadecane partition coefficient measured at 298 K. The lower case regression coefficients and constants (c p , e p , s p , a p , b p , v p , c k , e k , s k , a k , b k and l k ) in Eqns. 1 and 2 are computed through a multiple linear regression analysis of experimental partition coefficient data for a specific biphasic system. Once the equation coefficients have been determined for a given biphasic partition system, further values of log P, log K, log C solute,organic /C solute,water and log C solute,organic /C solute,air can be estimated with known values for the solute descriptors. Numerical values of the solute descriptors are available for several thousand neutral organic and organometallic compounds [2, 4, 5, 30, 32, 33] . The list of available solute descriptors continues to grow as values for more complex molecules are added. Solute descriptors have also been computed for a select ions and ionic species [34] [35] [36] [37] [38] and for a few ion pairs [39] .
We continue to publish Abraham model expressions for additional organic and ionic liquid solvents, and to revise several of our older, existing correlation equations that were based on experimental partition coefficient databases that included small numbers of solute molecules. It is important to periodically update our published log P and log K equations to take into account new experimental data. As noted in several previous papers [6, 8, 40] our published log P and log K Abraham model correlations should give reasonably accurate predictions, provided that the compound's five solute descriptors fall within the predictive area of chemical space covered by the derived Abraham model equation. The predictive area is determined by the maximum and minimum numerical values of each of the five solute descriptors in the Abraham model correlation.
In the present communication we report Abraham model correlations for the partitioning of solutes into ethylbenzene both from the gas phase (log K data) and from water (log P data). As part of the present study we have updated the log P and log K correlations that we had previously reported for toluene [41] : log P = 0.143 + 0.527 E -0.720 S -3.010 A -4.824 B + 4.545 V Statistical information includes: the number of solutes, N, the correlation coefficient, R, the standard deviation, SD, and the Fisher F-statistic, F. The databases used in constructing eqns. 3 and 4 were never published, and it is not possible to ascertain the predictive area of chemical space over which each expression is valid. The updated Abraham model log P and log K correlations presented here for toluene are based on 204 log P (SD = 0.124) and 194 log K (SD = 0.120) data points. Each correlation has been validated on a training set and verified with test set analyses.
DATA SETS AND COMPUTATION METHODOLOGY
Through a search of the published chemical and engineering literature we were able to gather Raoult's law infinite dilution activity coefficient, solute , Henry's law constants (solute concentrations are in mole fraction), K Henry , or solubilities for nonelectrolye organic solutes and gases dissolved in ethylbenzene and toluene. In order to apply the Abraham model, the solute and K Henry data were converted to gas-to-organic solvent partition coefficients (K values) through standard thermodynamic expressions, Eqns. 5 and 6, as described in several of our earlier publications [2, 4-8]: ) (
or to water-to-organic solvent (or log P) values for partition from water to solvent through Eqn. 7, where K w is the solute's gas-to-water partition coefficient.
The numerical constants, solute and solvent properties in Eqns. 5 and 6 are defined as follows: R is the universal gas constant, T is the system temperature, P solute o is the vapor pressure of the solute at the temperature of the activity coefficient and/or Henry constant measurement, T, and V solvent is the molar volume of the solvent. The calculation of log P from gas-to-organic solvent partition coefficient data requires knowledge of the solute's gas phase partition coefficient into water, K w , which is available for most of the solutes being studied.
Our experimental databases also contain solubility data for several polycyclic aromatic hydrocarbons, several carboxylic acids and other miscellaneous crystalline solutes in both ethylbenzene and toluene . The independent variable in the case of crystalline organic solutes is the molar solubility ratio, which is defined as the solute's molar solubility in the organic solvent under consideration divided by the solute's aqueous molar solubility (i.e., C solute,organic /C solute,water ) as discussed above. Molar solubilities can also be used in the log K correlation, provided that the equilibrium vapor pressure of the solute above crystalline solute, P solute o , at 298 K is also available. P solute o can be transformed into the gas phase concentration, C solute,gas , and the C solute,organic /C solute,air obtained through the following equation C solute,organic /C solute,air = (C solute,organic /C solute,water ) x K w (8) where K w = C solute,water /C solute,air . The vapor pressure, log K w and aqueous solubility data needed for these calculations are reported in our previous publications.
Several published papers reported experimental partition coefficient data for substituted phenols [114] [115] [116] [117] [118] [119] [120] [121] [122] , substituted benzenediols [123] , substituted anilines [124, 125] and a few miscellaneous organic compounds [126] [127] [128] [129] [130] [131] [132] [133] [134] [135] [136] [137] [138] [139] . These latter values pertain to practical partitioning studies where the aqueous and ethylbenzene (or toluene) phases were in direct contact with each other. Our previous studies [7, 8] have shown that the practical partition coefficients, log P values, are nearly identical to calculated solubility ratios, C solute,organic /C solute,water , whenever the organic solvent and water are "completely" immiscible or "near completely immiscible" with each other. Given the small mole fraction solubilities of water in ethylbenzene (x water = 2.60 x 10 -3 [140] ) and toluene (x water = 2.80 x 10 -3 [140] ), and the small mole fraction solubilities of both aromatic hydrocarbon solvents in water (x ethylbenzene = 3.18 x 10 -5 [140] and x toluene = 1.12 x 10 -4 [140] ), we elected to combine the "dry" and "wet" data sets. Water and the two aromatic hydrocarbon solvents are "almost" completely immiscible with each other at 298 K. The experimental log K and log P values at 298 K for ethylbenzene and toluene are listed in Tables 1 and 2 , respectively. Also included in the two tables are the literature references pertaining to the log K and log P data, and the numerical values of the solute descriptors for the different compounds considered in the present study.
The tabulated values are from our solute descriptor database, and were obtained using various types of experimental data, including water-to-solvent partitions, gas-to-solvent partitions, molar solubilities and chromatographic retention data [9-11, 15, 16] .
RESULTS AND DISCUSSION
We have listed in Table 1 All experimental data points were included in the regression analysis. Equation coefficients and statistical information were calculated using SPSS statistical software. The standard errors in the calculated coefficients are given in parenthesis after the respective equation coefficient. The statistics of both correlations are quite good as documented by the near unity values of the squared correlation coefficients and by the small standard deviations of SD = 0.137 and SD = 0.143 log units. The maximum deviation between the observed and predicted values was 0.40 log units for both the log P (for 2,2,4-trimethylpentane) and the log K (for 2-chlorophenol and pyrene) correlations. See Figs. (1 and 2) for a graphical depiction of the calculated log P and log K values based on Eqns. 9 and 10 against observed partition coefficient data. The experimental log P and log K values cover ranges of about 9.5 and 12.7 log units, respectively.
In order to assess the predictive ability of the two ethylbenzene correlation equations, Eqns. 9 and 10 we divided the observed data points into a training set and a test set by allowing the SPSS software to randomly select half of the experimental values. The selected data points became the training sets and the remaining half of the compounds served as the test sets. Analysis of the experimental data in the log P and log K training sets gave: Careful examination of Eqns 9-12 reveals that there is very little difference in the equation coefficients for the full dataset and the training dataset correlations, thus showing that both training sets of compounds are representative samples of the total log P and log K data sets. The derived training set equations were then used to predict the respective partition coefficients for the compounds in the test sets. For the predicted and experimental values, we found SD = 0.122 (Eqn. 11) and SD = 0.145 (Eqn. 12), AAE (Average Absolute Error) = 0.093 (Eqn. 11) and AAE = 0.098 (Eqn. 12), and AE (Average Error) = -0.013 (Eqn. 11) and AE = 0.039 (Eqn. 12). There is therefore very little bias in using Eqns. 11 and 12 with AE equal to -0.013 and 0.039 log units. The training and test set analyses were performed five more times with similar results.
The toluene database considered in the present study contains 204 experimental log P values and 194 experimental log K data points. Analysis of the experimental partition Fig. (1) . Comparison of observed log P data for solutes dissolved in ethylbenzene and predicted values based on Eqn. 9. Fig. (2) . Comparison of observed log K data for solutes dissolved in ethylbenzene and predicted values based on Eqn. 10. coefficient values tabulated in Table 2 Both correlations provide a reasonably accurate mathematical description of the experimental partition coefficient data as graphically shown in Figs. (3 and 4) for datasets that span ranges of 10.6 log units (log P) and 22.0 log units (log K), respectively. The maximum deviation between the observed and predicted values was 0.35 log units for the log P (for 3,3-dimethylbutan-2-one) and 0.41 log units for the log K (for 2-chlorophenol and fluoranthene) correlations. As noted in the introduction, Abraham model log P and log K correlations were derived previously for toluene. The earlier correlations were based on much smaller data sets. In the log K data set, we were able to increase the number of experimental values by more than 50 %, from N = 121 (Eqn. 4) to N = 194 (Eqn. 14).
Equations 13 and 14 were validated as before by allowing the SPSS software to randomly divide the total data points into training and test sets as before. Analyses of the experimental data in the two training sets yielded: The present study documents that the correlations based on the Abraham solvation parameter model provide reasonably accurate mathematical descriptions of solute transfer at 298 K from both water and from the gas phase into both ethylbenzene and toluene. The derived correlations should provide reasonably accurate estimations of the water-toethylbenzene, water-to-toluene, gas-to-ethylbenzene and gas-to-toluene partition coefficients at 298 K for additional organic compounds and gases, provided that each of the compound's solute descriptors falls within the range of predictive chemical space defined by the respective correlation Fig. (3) . Comparison of observed log P data for solutes dissolved in toluene and predicted values based on Eqn. 13. Fig. (4) . Comparison of observed log K data for solutes dissolved in toluene and predicted values based on Eqn. 14.
equation. The estimated partition coefficients can be converted to infinite dilution activity coefficients, solute , through the standard thermodynamic relationships given by Eqns. 5 -7. Partition coefficients calculated using Eqns. 9, 10, 13 and 14 pertain to 298 K. Standard thermodynamic relationships enable the predicted log K and log P values to be extrapolated to other temperatures [141] . In this regard, Mintz et al. published enthalpy of solvation correlations, H solvation , for organic gases and gaseous solutes into water [141] and toluene [142] . The published H solvation correlations allow one to extrapolate predicted water-totoluene and gas-to-toluene partition coefficients based on Eqs. 13 and 14 to other temperatures not too far removed from 298 K. versity of North Texas's Texas Academy of Math and Science (TAMS) program for a summer research award. 
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